Neurotransmission depends on movements of transmitterladen synaptic vesicles but accurate, nanometer-scale monitoring of vesicle dynamics in presynaptic terminals has remained elusive. Here, we report three-dimensional, real-time tracking of quantum dot-loaded single synaptic vesicles with an accuracy of 20 to 30 nm, less than a vesicle diameter. Determination of the time, position and mode of fusion, aided by trypan blue quenching of Qdot fluorescence, revealed that vesicles starting close to their ultimate fusion sites tended to fuse earlier than those positioned further away. The mode of fusion depended on the prior motion of vesicles, with long-dwelling vesicles preferring kiss-and-run rather than full-collapse fusion. Kiss-and-run fusion events were concentrated near the center of the synapse, whereas full-collapse fusion events were broadly spread.
Neurons communicate by releasing neurotransmitter and thus activating postsynaptic receptors. The position and movement of neurotransmitter-containing vesicles are essential for proper communication. However, vesicle dynamics during the period leading up to release remain mysterious. Uncertainty exists about the possible role of vesicle position in the determination of vesicle fusion probability (1) . A controversy concerns the possible existence of two modes of fusion − full-collapse fusion (FCF) or kiss-and-run (K&R) − reported in central nervous system (CNS) neurons (2-6), but of uncertain relationship between vesicle movement and fusion location -especially in three dimensions (3D) (7) . Recently, several methods have been developed to localize fluorescent molecules in 3D (8-10) but real-time 3D localization has not been applied to synaptic vesicles in living neurons.
To localize single synaptic vesicles in real-time 3D, we built a microscope with dual-focus imaging optics, modified from a published design (9) (fig. S1 ). The accuracy of the localization (2.35σ, corresponding to the full-width at half maximum) was ~20 nm for x-and y-and ~30 nm for zlocalization ( Fig. 1A ) (for 10 Hz imaging, standard in this paper). Real-time capabilities were tested by imposing stepwise movements on single Qdot-containing vesicles in a fixed neuron. For z-axis displacements of 40 nm (~1 vesicle diameter), the estimated z-axis displacement for individual frames was 42 ± 2.7 nm (SEM) (n = 10) (Fig. 1B) , an accuracy well below a single vesicle diameter.
Single vesicles were efficiently labeled by use of streptavidin-coated Qdots conjugated to biotinylated antibodies against the luminal domain of the vesicular protein synaptotagmin 1. In an exemplar 3D trajectory (Fig. 1C) , a single vesicle in a living neuron underwent ~12 s of intense movement, travelling almost unidirectionally with the net displacement of 3.2 μm over 90 s of imaging, with dwells in two discrete zones, presumptive presynaptic terminals marked by distinct clouds of FM 4-64-labeled vesicles.
Exocytosis of the Qdot-loaded vesicles was registered by a sudden drop in the fluorescence, caused by uptake of an extracellular quencher, trypan blue (TB) (6, 11) (Fig. 1D) . We used 1 μM TB in most experiments, guided by the concentration-dependence of TB quenching of Qdots (F TB /F 0 ) (Fig. 1E) . Neither the quencher nor loading with antibodyconjugated Qdots affected vesicle dynamics, assessed by uptake and destaining of FM 4-64, a lipophilic probe for vesicular turnover ( fig. S2 ).
We analyzed 3D positions over time, calculating the momentary radial distance to the eventual location of fusion (residing very close at the fusion site for the entire observation period). Intersynaptic movement was categorized by >1 μm movement (Fig. 1C, 1G3 ), consistent with vesicle sharing between nearby synapses (12) , and was the least prevalent (3/81 (4%)), Fig. 1H ). Intraboutonic movement, defined by net displacements between 0.1 μm and 1 μm (Fig.  1G2) , was the most abundant pattern (56/81(69%)), presumably because it typifies the bulk of recycling vesicles. Net movements of <0.1 μm before exocytosis (Fig. 1G1) , categorized as minimal, were observed in 22 of 81 (27%) of cases.
Next, we tested whether proximity to release sites is a critical determinant of vesicle release probability (Fig. 2) . This long-held assumption (1, 13) predicts that, on average, a vesicle starting off close to its ultimate release site will fuse earlier than one located further away. Accordingly, we directly determined the net 3D displacement from the starting position of vesicles to their fusion sites, information unobtainable from static EM images. The net displacement to fusion site proved to be a strong predictor of the latency to fusion (p<0.005, fig. S4 ). Vesicles with relatively high release probability (high P r/v ) were defined by a brief latency to release (<20 s after onset of stimulation), while vesicles with relatively low P r/v were discerned by long latency (>50 s after onset of stimulation). The high P r/v vesicles traveled a shorter distance to fusion sites (median, 125 nm, n = 15) than low P r/v vesicles (median, 310 nm, n = 19) (p<0.001, K-S test, Fig.  2A ). Likewise, vesicles starting near fusion sites (<150 nm) underwent exocytosis earlier (median, 18 s; average, 31 ± 6.2 s, n = 21) than those starting further away (>300 nm) (median, 71 s; average, 73 ± 7.4 s, n = 13) (p<0.0005, K-S test, Fig. 2B ). Thus, proximity is a key factor in determining vesicle release probability even for vesicles not already docked to their release site.
To determine whether a vesicle's pool of origin influences its eventual position after FCF and retrieval, or if vesicles becomes randomly dispersed (Fig. 2C) , we investigated the positions of the readily releasable pool (RRP) and total recycling pool (TRP) vesicles after recycling, in experiments akin to those in previous EM studies (14, 15) . Labeling of vesicles was either sharply restricted to vesicles from the RRP (10 AP stimulation) or spread across the TRP (1200 APs). Vesicles originating from the RRP relocated at positions significantly closer to the fusion sites (median 100 nm, n = 21, Fig. 2D ) than vesicles derived from the TRP (median 160 nm, n = 49) (K-S test, p<0.05) (see also 15). The observed difference in spatial distribution was remarkable because Qdots (unlike FM dye) can only be taken up after FCF and clathrin-mediated retrieval (Fig. 2C) (5) . Nevertheless, vesicles with a high probability of release in a first round of exocytosis behave detectably differently than recycling vesicles as a whole, consistent with a role for molecular determinants as contributors to pool identity (14) . Such determinants may apply to RRP vesicles that reside far enough from the fusion site to be strictly undocked (1, 13, 14) .
The degree of quenching of Qdot fluorescence by TB distinguished FCF and K&R. TB should completely equilibrate following FCF, but only partially equilibrate during a brief fusion pore opening of K&R. Partial quenching of a single Qdot due to K&R is illustrated in Fig. 3A (see  detailed analyses in SOM and fig. S5 ). The fluorescence trace showed a sudden, irreversible, but only partial drop (red arrow), falling from an initial level (defined as 1.0) to a partially quenched level (F TB /F 0 = 0.312), significantly larger than expected for Qdots steadily exposed to 1 μM TB (0.137 ± 0.003 (SEM), n = 3). After a sojourn of ~5 s, the fluorescence dropped further (black arrow), to a level of virtually zero, presumably in association with Qdot movement out of the ROI following full fusion. Similar twostep losses of fluorescence, apparently K&R and FCF events in succession, were observed with single vesicles in inhibitory nerve terminals, tracked with VGAT-antibodyconjugated Qdots ( fig. S3B ). We verified that partial quenching denoted K&R fusion by using a lower quencher concentration and observing a milder degree of partial quenching ( fig. S6A) .
On many occasions, the Qdot-labeled vesicle remained stationary before undergoing K&R (Fig. 3B) , raising the question of whether the fusion mode is influenced by prior motion. To investigate this, we determined the final dwell time before fusion and the average displacement before that final dwell. These parameters varied between the two fusion modes ( Fig. 3C ; specific examples in Fig. 3D ). Vesicles located close (<300 nm) to their fusion sites with dwell times longer than 35 s (pink shading) invariably underwent K&R. In contrast, vesicles that approached from a long distance (>300 nm) before the final dwell time (gray shading) consistently underwent FCF. Vesicles characterized by both a brief dwell time and previously close proximity to fusion sites showed mixed results (yellow shading). Analysis of pooled data (Fig. 3E,F) confirmed that vesicles undergoing K&R traveled shorter distances to reach fusion sites than those undergoing FCF (p<0.005, K-S test), whereas vesicles undergoing K&R remained stationary at fusion sites for longer than those undergoing FCF (p<0.001, K-S test). Thus, determination of fusion mode is not a strictly stochastic decision at the time of exocytosis, but is strongly dependent on the prior history of vesicle position.
Next, we pinpointed the locus of fusion relative to pre-and postsynaptic markers (Fig. 4, A Fig. 4,A and C) , was roughly presumed to pass through the center of the active zone. The angle (θ, Fig. 4A ) between the synaptic axis and the z-axis of the microscope was 122° in Fig. 4B (average, 126 ± 3.3°, n = 31). The pre-and postsynaptic landmarks provided a spatial context for the preexocytosis motion of Qdot-labeled vesicles (Fig. 4C) . The trajectory of this vesicle began near the center of FM 4-64 staining but ended at a site of exocytosis near the PSD-95-GFP centroid. Just before fusion by FCF (55.7 s, black circle, Fig. 4C ), the vesicle was 314 nm away from the synaptic axis (r = 314 nm). Collectively, FCF events appeared evenly distributed over a disc centered on the synaptic axis, the cumulative distribution of events increasing with r 
